Abstract. Phytoplankton growth is the foundation for energy transfer into higher trophic levels, influences climate by the uptake of atmospheric CO 2 , and plays an important role in nutrient cycling. Here we use a novel Lagrangian approach to characterize the nitrate supply to the Great Australian Bight, identify episodes of extreme phytoplankton blooms and ascertain the origin of the nitrate sources that fuel them. We find that 55% of nitrate used by phytoplankton enters the GAB in the upper 100m and that 88% originates locally from a region between the GAB and the Sub Antarctic Front, rather than from 5 more remote oceans; thus, most of the nitrate is recycled locally. Our results show extreme phytoplankton blooms have an annual periodicity, peaking in the Austral autumn when the mixed layer deepens. This suggests that stratification erosion is key supplying nutrients into the euphotic zone and triggering these episodes.
correlation between the anomaly of nitrate concentration when the water parcels enter the GAB, and the anomaly of nitrate concentration at every time step before reaching the GAB along the water parcel trajectories (Figure 2 ). The last time when the correlation is larger than zero corresponds to the de-correlation time scale or nitrate memory time. Our results show that nitrate memory is lost after 82 ± 0.21 days for the entire set of 2.5×10 6 particles ( Figure 2 ).
The location of each water parcel 81 days before it crosses the 2,000m isobath entering the GAB is used to determine 5 whether the nitrate source is either the Pacific, Southern, Indian Ocean, or a region between the GAB and the Subantarctic Australian Front as defined by Sallée et al. (2008) using sea surface height and temperature gradients (GAB-SAFn, Figure   2 ). Similarly, the depth (above or below 100m) at which the water parcel enters the GAB is recorded. Vertical profiles of the phytoplankton concentration gradient inside the GAB show a peak around 100m where phytoplankton decreases rapidly with depth due to light limitation on phytoplankton growth ( Figure S1 ); by choosing 100m as a threshold we distinguish between 10 nitrate entering the GAB within or below depths were it is readily used.
Episodes of extreme phytoplankton blooms from simultaneous extreme nitrate decrease and phytoplankton increase
In WOMBAT, the change of phytoplankton concentration depends upon the efficiency of phytoplankton to uptake nutrients, their availability and the grazing by zooplankton; as a consequence, when phytoplankton increases nitrate decreases. We 15 compute the difference in nitrate and phytoplankton concentration every time step along forward trajectories of water parcels after they enter the GAB and identify instances when a decrease in nitrate and increase in phytoplankton concentrations are great, hereafter referred to as extreme phytoplankton blooms. Specifically, these episodes are defined as times when the change in nitrate is negative, the change in phytoplankton is positive, and both are extreme (i.e. top 5%) of their respective distributions. Not in all instances of extreme nitrate decrease is the phytoplankton increase also extreme and vice-versa; The 20 extreme phytoplankton blooms identified in this study account for 14% and 20% of instances when decrease and increase in nitrate and phytoplankton are in the top 5% of their distributions respectively. The extreme phytoplankton blooms represent 0.35% of all data (i.e. total of daily changes in nitrate and phytoplankton across all particle trajectories). The locations and time of these extreme phytoplankton blooms are recorded, as well as the source of the water parcel and the depth at which it entered the GAB. The changes in nitrate and phytoplankton concentrations of every episode were used to construct: 1) maps
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showing the spatial distribution of extreme phytoplankton blooms and their intensity (i.e. means of daily change in nitrate, and phytoplankton across episodes (Figure 3) , and 2) time series of change in phytoplankton across extreme phytoplankton blooms for further analysis ( Figure S2 ).
Temporal variability
A wavelet analysis is conducted on the time series of the change in phytoplankton concentrations across extreme phytoplankton 30 blooms following Torrence and Compo (1998) and Liu et al. (2007) . We focus on time series of change in phytoplankton rather than nitrate because we are ultimately interested in extremes in primary productivity; nevertheless, as previously mentioned, the examined extreme phytoplankton blooms are only those when extreme changes occur in both phytoplankton and nitrate
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concentrations. Time series of changes in phytoplankton concentration of extreme phytoplankton blooms can be decomposed by location within the GAB where they occur (longitudes), by nitrate source, and by depth at which the water parcel entered the GAB ( Figure S2 ). Wavelet analysis on each constituent of the time series is conducted to reveal periodicities linked to specific regions inside the GAB where the extreme phytoplankton blooms occurred, nitrate sources, and depths at which the water parcels enter the GAB (Figure 4 , Figure S4 ). 
Nitrate memory time & sources
A map showing the minimum time it would take a particle to reach the GAB given its location is constructed from all the water parcel trajectories (Figure 2b ). This maps shows that in the nitrate memory time (81 days, see section 2.3) most of the particles entering the GAB are likely to be a few 100km off the shelf, predominantly in a region between the GAB and the 10 SAFn. However, the ∼ 81 day contour does extend into the Pacific, Indian, and Southern oceans and therefore, although much less probable, some water from these oceans can reach the GAB within the nitrate memory time (Figure 2 ). Similar volumes of water that reach the GAB and remain inside it for at least 81 days enter the semi-enclosed sea above 100m and between 100-2000m; however, most of the nitrate input occurs below 100m due to higher nitrate concentrations at depth (Table 1) . Despite larger nitrate input occurring below 100m, ∼ 55% of the extreme phytoplankton blooms are linked to The volume of water that reaches the GAB from the Indian Ocean (∼5%) is three times larger than that from the Southern Ocean (∼1.5%); however, nitrate concentrations are higher in the latter, making the contribution of the Southern Ocean to 20 total nitrate input into the GAB only half that of the Indian Ocean (Table 1) . Similarly, 10% of the extreme phytoplankton blooms are linked to water coming from the Indian Ocean, while only 2% are linked to the Southern Ocean; nevertheless, the monthly means of daily increase in phytoplankton are the same order of magnitude (∼ 1 µmol m 
Temporal variability
From May-Jul, extreme phytoplankton blooms occur mostly in the centre of the GAB (125-135
• E longitude), along trajectories of water that entered the GAB throughout the water column but more often below 100m, and that carried nitrate from a region between the GAB and the SAFn (Figure 4) . Conversely, from Sep-Apr, extreme phytoplankton blooms occur almost exclusively in the west (107-124 and depth at which the water parcels enter the GAB (Figure 4e-f) . The occurrence of extreme phytoplankton blooms is largely confined to the Austral autumn from Apr-Jun, and spring from Sep-Nov (Figure 4 , Figure S3 ).
Conclusions
This study uses a lagrangian approach to quantify for the first time the origin and memory time of nitrate that enters the GAB.
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We found a nitrate memory time of 81 days for water parcels reaching the GAB. This implies that over this time scale either 6 Biogeosciences Discuss., doi:10.5194/bg-2016 Discuss., doi:10.5194/bg- -53, 2016 Manuscript under review for journal Biogeosciences Published: 17 March 2016 c Author(s) 2016. CC-BY 3.0 License. biological processes such as nitrate uptake and remineralization, or physical processes other than advection are likely to induce substantial changes in nitrate concentrations. Due to the short timescale, most (93%) of the nitrate advected into the GAB comes from a region between the GAB and the SAFn and little of the nitrate signal (7%) can be attributed to water coming from further afield. This implies that most of the nitrate is recycled regionally. The adopted lagrangian approach also allows identifying extreme phytoplankton blooms where there is simultaneous extreme decrease in nitrate and extreme increase in inside a cold core eddy where nutrient rich water is constantly supplied into the euphotic layer through upwelling. The extreme phytoplankton blooms account for 6% net primary productivity but represent less than 1% of 10 the particle trajectories showing a daily nitrate decrease. In total, the particles trajectories estimate a net daily nitrate of uptake in the GAB of (0.069 µmol N m
) of which about 6% requires a source of nitrate from outside the GAB. Thus, the GAB is a productive region, which is primarily driven by recycled nitrate.
The locations of extreme phytoplankton blooms align remarkably with the shelf break, suggesting that topographical uplift plays a crucial role in supplying nitrate to the euphotic zone and provoking the blooms. In fact, the interaction with the bottom 
